Abstract: Microbially induced calcite precipitation (MICP) through a ureolytic pathway is a process that promotes calcite precipitation as a result of the urease enzymatic activity of several microorganisms. It has been studied for different technological applications, such as soil bio-consolidation, bio-cementation, CO 2 sequestration, among others. Recently, this process has been proposed as a possible process for removing heavy metals from contaminated soils. However, no research has been reported dealing with the MICP process for heavy metal removal from wastewater/waters. This (re)view proposes to consider to such possibility. The main characteristics of MICP are presented and discussed. The precipitation of heavy metals contained in wastewaters/waters via MICP is exanimated based on process characteristics. Moreover, challenges for its successful implementation are discussed, such as the heavy metal tolerance of inoculum, ammonium release as product of urea hydrolysis, and so on. A semi-continuous operation in two steps (cell growth and bio-precipitation) is proposed. Finally, the wastewater from some typical industries releasing heavy metals are examined, discussing the technical barriers and feasibility.
MICP is a biological process in which calcite (CaCO 3 ) formation is achieved as a result of the active metabolism of bacteria, which generates a favorable micro-environment for precipitation [11, 12] . In calcite formation in the MICP through ureolytic pathway, bacteria catalyze urea hydrolysis into carbonate and ammonium. The latter produces an alkalization of the micro-environment, favoring the binding of calcium and carbonate, and furthermore, calcite precipitation [13, 14] . Moreover, bacteria also provide nucleation sites in which the calcite precipitation takes place. Four steps can be identified for biological calcite precipitation, as illustrated in Figure 1 .
(a) Urea hydrolysis: The urease enzyme hydrolyzes urea into carbamic acid and ammonia (Equation (1)). Furthermore, a spontaneous chemical equilibrium takes place and carbamic acid is converted into carbonic acid and ammonia (Equation (2)) [10, 15] . 
CO(NH 2
(b) Chemical equilibrium: Ammonia from the urea hydrolysis turns into ammonium, releasing hydroxide ions and increasing the micro-environmental pH, which generates favorable conditions for further precipitation [11] (Equation (3)). Hydroxide ions induce carbonate formation from carbonic acid (Equations (4) and (5)).
H 2 CO 3 ↔ HCO
(c) Heterogeneous nucleation: Calcium ions are bound to the external cell surface because of the negatively charged functional groups in the cell wall (Equation (6)). Then, calcite formation occurs in the cell surface, once the calcium ion activity is sufficient and the saturation conditions are favorable for CaCO 3 precipitation (Equation (7)) [16] .
(d) Successive stratification: Successive calcite layers are developed on the external cell surface (stratification) [17] . The nutrients transfer is limited, and the cells get embedded by calcite crystals, provoking cellular death.
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(d) Successive stratification: Successive calcite layers are developed on the external cell surface (stratification) [17] . The nutrients transfer is limited, and the cells get embedded by calcite crystals, provoking cellular death. Calcite precipitation through MICP has been regarded as a promising technology for different applications, such as for the improvement of mechanical properties in soils (bio-consolidation) [18, 19] , bio-cementation [14, 20] , crack repair in concrete structures [21] , CO 2 sequestration [22] , bio-composites [23] , hydraulic control [10] , and so on. For a detailed review about the engineering applications of the MICP process, the authors recommend viewing the following literature [10, 19] .
Factors Governing the Ureolytic MICP Process
Several factors govern the ureolytic MICP process, such as the bacteria type, urea and Ca 2+ concentrations, nucleation sites, pH, and temperature. Several microorganisms presenting high levels of urease activity have been identified, such as Sporosarcina pasteurii, Bacillus spCR2, Lysinibacillus sphaericus CH5, Bacillus pasteurii NCIM 2477, Kocuria flava CR1, Bacillus megaterium SS3, Bacillus thuringiensis, and Halomonas ssp. [24] . S. pasteurii is a non-pathogenic bacterium that is able to tolerate extreme conditions [24] , and is probably the most common species used for testing and studying the MICP process [13, [25] [26] [27] .
As already mentioned, the bacteria provide nucleation sites where the precipitation is enhanced. Specifically, the cell surface in the bacteria has negatively charged groups (negative zeta potential) [28] , providing binding sites for the Ca 2+ ions, where carbonate and calcium can react, forming calcite [24, 29] . In this sense, the research carried out by Stocks-Fischer et al. (1999) showed the beneficial effect of bacteria as nucleation sites. They observed that the removal of calcium with chemical precipitation (adding carbonate) was a 34-54%, but this value was increased to 98% when MICP bacteria were used.
Another factor is the pH, which determines the acid-based chemical equilibria, and thus defines the presence of carbonate and the precipitation processes. Then, it is considered a key parameter, affecting ureolytic MICP. Moreover, the pH affects the activity of the urease enzyme [26] . It has been reported that the urease activity increases when the pH rises from 6 to 10, but decreases when the pH exceeds 10 [15] . As is the case with all enzymes, the urea catalysis is temperature-dependent. The optimal temperature is in the range of 20 to 37 • C [30, 31] . Moreover, the temperature affects the chemical equilibrium and thus the solubility of the CaCO 3 in the media. Heavy metals may be removed through direct precipitation, where metal carbonate is formed, or by co-precipitation, in which metals such Cu 2+ , Cd 2+ , Co 2+ , Ni 2+ , Zn 2+ , Pb 2+ , and Fe 2+ can be incorporated in the lattice structure of calcite via the substitution of Ca 2+ [32] . To date, research conducted on ureolyitic MICP for metal removal has been directed toward soil remediation. So far, the reported research has dealt with the isolation of bacteria, presenting important urease activity and metal resistance, the morphological evaluation of metal precipitates, and the removal efficiency of different metals. High removal efficiencies have been reported for different metals (Table 1) , when working with species isolated from contaminated soils, as follows: 89-97% for copper, 98-100% for lead, 96-100% for cadmium, ca. 90% for nickel, 93-100% for zinc, and 90-94% for cobalt (Table 1) . Unlike the high extent of metal removal mentioned above, the research carried out by Mugwar and Harbottle [28] showed that the metal removal for S. pasteurii decreased when the copper and zinc concentrations were increased to 0.5 and 2.0 mM, respectively, but the lead and cadmium removal was not affected by concentration (Table 1) . Therefore, from the results summarized in Table 1 , we can see that the ureolytic MICP process is more effective for cadmium and lead than for copper, which may be associated with the toxicity of copper. Moreover, the results in Table 1 confirm that the metal tolerance of a particular strain is a key parameter for an efficient ureolytic MICP process. Additionally, it is worth noting that previous research has dealt with the removal of heavy metals from soil by washing soil samples, and then applying MICP to the resulting aqueous solution. Thus, it is expected that the application of the ureolytic MICP to water/wastewater may be feasible from a technical point of view. 
Heavy Metals Precipitation through Ureolytic MICP Process for Wastewaters
To date, there is incipient research considering the ureolytic MICP for heavy metal removal from water/wastewater. However, researchers have tested this technology in aqueous solutions for removing radionuclides from groundwater [31] , for the removal of ions Ca 2+ and Mg 2+ ions from wastewater [43] , and for phosphate precipitation from anaerobic effluents [44] . Thus, the possibility of removing heavy metals through the ureolytic MICP process provides an interesting and less studied field of research [10, 19, 45] . Moreover, the ureolytic MICP process can provide an effective way to sequester metals as mineral precipitates for long periods [46] . Formed precipitates can resist an acid pH, reaching acid resistance values as low as 2 [27] .
Key Aspects for the Application of Ureolytic MICP Process for Wastewater Treatment
Subsequently, it seems clear why the ureolytic MICP process may turn into an effective treatment alternative for heavy metal removal from water/wastewaters. However, its full-scale application will require taking several technical issues into consideration, which are discussed below. Potential solutions to overcome these challenges are proposed.
Obviously, bacteria presenting relevant urease activity are required as inoculum for MICP. Moreover, inoculum should also show resistance to high concentrations of heavy metals. The isolation of bacteria strains from soil contaminated with the metal target for remediation has been the most common way to face this challenge. Several species have been isolated from contaminated soils in mining areas, showing tolerance to high concentrations of heavy metals, which may be useful when considering the remediation of contaminated sites [27, 33, 35, [47] [48] [49] . In this sense, even though S. pasteurii is the most used strain for MICP applications, some soil isolated bacteria with lower urease activity have attained higher metal removal, as a result of their metal tolerance [27] . Moreover, the water/wastewater objective of the treatment could be an appropriated source for isolation.
An important factor for a potential operation of the MICP process will be the kind of culture that is used-mono or mixed culture are two possible strategies for operation. When (waste)water treatment is considered, the use of axenic cultures may not be possible, as a result of their scale. Then, the conditions for the proliferation of ureolytic bacteria could be considered. Furthermore, Kang et al. [50] reported that mixed cultures present advantages over mono cultures, such as a major metal tolerance and a higher degree of removal of heavy metals. Moreover, the presence of non-ureolytic bacteria in mono or mixed culture can contribute to MICP; even though no contribution for urea hydrolysis is expected, an increase in the nucleation sites may increase the precipitation rates. This was observed by Gat et al. [51] , who cultivated S. pasteurii and N. subtilis (non-ureolytic bacteria) for CaCO 3 precipitation. Thus, culture contamination may not be as inconvenient, as long as a minimum urease activity can be provided by the existing ureolytic bacteria.
Substrates
The ureolytic MICP process requires a source of urea and calcium. The application to wastewater treatment also imposes the condition that the substrate source should have a low cost or no cost at all. Then, the use of wastewater containing urea seems to be the simplest solution. Typical urea containing wastes can come from fertilizer plants, urea synthesis industry, or human activities (sewage) [52, 53] . In relation to calcium, this substrate could be obtained from calcium-rich wastewater, such as from citric acid production, landfill leachates, paper recycling, and bone processing [54] . However, the presence of organic matter, recalcitrant compounds, inhibitors of bacterial activity, or other ions may potentially interfere with the bio-precipitation. Then, the characterization of wastewater is certainly relevant.
pH of Metal Containing Wastewaters
The ureolytic MICP process has an optimal pH range between 6 and 10 [15] . Thus, it is expected that bio-precipitation in acidic wastewaters may not be feasible, or may require a pH adjustment. However, it is important to highlight that, as a result of urease activity, the pH will increase, because of the ammonium release. Then, the eventual requirements of the pH adjustment will depend on the wastewater pH and on the alkalinity level. This will be certainly a key factor when considering MICP technology for metal removal from mining wastewaters, as most have a low pH, as is the case with acid mine drainage [55, 56] . On the other hand, the treated wastewater will contain an alkaline pH, which have to be corrected in order to avoid any environmental impact in watercourses where it is being discharged. In this sense, an additional study and the evaluation of adequate neutralization treatment for a feasible solution will be necessary.
Bacterial Re-Use after Precipitation/Re-Inoculation
A key challenge arises when the ureolytic MICP process for metal treatment is considered-bacteria provide nucleation sites for precipitation, and once the bio-precipitation takes place, the bacteria are embedded in carbonate crystals. Then, the activity is reduced, as a result of mass transfer limitations [10] . This means that the ureolytic bacteria is not available for future precipitation, as they are trapped in the precipitates, and in order to promote additional precipitation in the process, bacterial re-inoculation will be required. In spite of this, the bacteria embedded in the precipitates would provide a free-biomass effluent, which means that no further treatment for biomass removal will be necessary.
Thus, the continuous operation of a MICP system based on a single reactor, where both cell growth and bio-precipitation occur, may not be feasible. Under this scenario, a MICP process in two steps would be needed. In the first step, the bacteria are grown, and in a second step, bio-precipitation takes place (Figure 2) . Thus, the bacteria from the first step are supplied to the second step, where urea, calcium, and wastewater meet, providing the conditions for bio-precipitation.
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Ammonium Release
When ureolytic MICP for heavy metal removal from wastewater is considered, probably one of the greatest challenges to be faced is ammonium release. Two moles of ammonium are released per one mole of hydrolyzed urea (Equations (1) and (2)). This will produce an ammonium-rich effluent, which must be managed. Moreover, if the pH rises over 8-9, ammonia volatilization may become relevant, depending on the gas/liquid mass transfer coefficient. Indeed, Gat et al. [57] reported that ammonia volatilization affected the long-term sustainability of the calcite precipitate, so that ammonia volatilization caused a pH decrease, which showed a 30% calcite dissolution. It is clear that the first step to approaching this issue must be the optimization of urea dosages, in order to minimize the ammonia release. One alternative to managing an ammonia-rich effluent, is to couple MICP to a process for the re-utilization of ammonium for urea synthesis, based on the Basarov reaction described by the authors of [58] . A second alternative is to use one of the processes for ammonia removal and for the conversion normally used in full-scale wastewater treatment, such as the anammox process [59] .
Wastewaters That May Be Potentially Treated by the Ureolytic MICP Process
Several economic activities release wastewaters containing heavy metals that could be potentially treated through the MICP process. Some of them are the refining and mining of ores, pesticide industries, batteries production, paper industries, tanneries, fertilizer production facilities, solid wastes disposal including sewage sludge, and wastewater irrigation [60] .
Tannery
Tannery and electroplating industries are the major sources of chromium contamination. Hexavalent chromium is genotoxic and carcinogenic, and the reaction of Cr(VI) with ascorbate and hydrogen peroxide results in the accumulation of hydroxyl radicals, thereby causing damage to the DNA [61] . MICP could be an alternative for chromium removal from tannery wastewaters, as calcium carbonate precipitates at pH levels where these effluents are normally present (neutral to alkaline). Moreover, calcium carbonate can be deposited around chromium (VI) compounds [10, 62] , making stable precipitates for long time periods [63] . Lead is another metal that can be present in tannery wastewater [64] . Because of its valence, Pb (II) could act in a similar way to calcium, and could bind carbonate ions to form stable lead carbonate that precipitates through the MICP process.
Mining and Metal Refinery
The main environmental impacts of the mining industry include pollution as a result of the discharge of liquid effluents into rivers, the infiltration of soils, the contamination of underground waters, residue disposal, and threats from tailings dams [65] . Processed tailings dam overflow, acid wastewaters, and acid mine drainage (AMD) are some of the most common liquid industrial residues of this sector [56, 65] .
AMD has pH levels under 4 [55] , and they are usually around pH 2 [66] . At such a pH, the urease positive microbes cannot hydrolyze urea, because of the inactivation of this enzyme. Then, a previous step to neutralize the AMD would be necessary before a bio-precipitation treatment. A second option would be to find a urease positive bacterium adapted to these acidic conditions.
On the other hand, mine tailing in the active process has high pH levels [67] . Then, in such situations, the MICP process could be used as a treatment alternative for heavy metal precipitation, leading to recovering those metals or to their disposition in a safe way. The challenge with this wastewater is the high content of heavy metals. It would be necessary to work with bacteria with a high tolerance to those elements.
Electroplating
In general, wastewaters from electroplating contain a low concentration of organic matter, but are of high toxicity because of heavy metals. Rinse waters are continuously produced and contain relatively low concentrations of contaminants, depending on the electroplating process, such as cadmium, chromium, copper, nickel, lead, and zinc [68] . Bath solutions, in contrast, contain markedly higher concentrations of metals (of the order of hundreds of g/L) and are replaced every several weeks or months, depending on the process [68] . The treatment of wastewater and sludge containing heavy metals is one of the main ecological problems induced by the electroplating industry [69] .
In general, solutions with a high content of chromium (VI) are acidic [68, 70] . Therefore, the chromium (VI) bio-precipitation from these wastewaters will need a pH increase. However, the other metals, in the pH range, are suitable for the MICP process. On the other hand, bacteria with very high tolerance to heavy metal will be required, because of the high concentration of metal in these wastewaters.
Concluding Remarks
The ureolytic MICP is a promising process for the removal of heavy metals. Even though so far it has only been tested for soils, it is expected that it could also represent a potential tool for heavy metal removal from wastewaters. Several relevant economic activities produce wastewater containing heavy metals that could benefit from this process. However, some challenges need to be overcome, such as pH adjustment, ammonium release, and calcium/urea source. Then, future research should be focused on such challenges. Considering that the process requires the production of a biomass presenting urease activity, as well as its subsequent use for bio-precipitation, a potential process configuration is proposed, based on these two steps.
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